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Radiative transfer modelThe spatial and temporal patterns of the forest background reﬂectance are critically important for retrieving the
biophysical parameters of the forest canopy (overstory) and for ecosystem modeling. In this short communica-
tion paper, we retrieved the seasonal courses of understory Normalized Difference Vegetation Index (NDVI)
from MODIS BRDF data using the semi-empirical and physically-based approach. We compared the satellite-
based understory NDVI series to seasonal courses of understory NDVImeasured in the forests for three full grow-
ing seasons in boreal and hemiboreal sites in Northern Europe. Our results indicated both semi-empirical and
physically-based approaches usingMODIS BRDF data do have a potential to track seasonal changes in understory
NDVI. Differences in the performance between of the two retrieval methods can be expected within the boreal
zone depending on the level of forest fragmentation.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In the boreal zone, understory vegetation signiﬁcantly inﬂuences the
reﬂectance spectrumof a forest (e.g., Eriksson, Eklundh, Kuusk, &Nilson,
2006; Nilson, Rautiainen, Pisek, & Peterson, 2012; Suzuki, Kobayashi,
Delbart, Asanuma, & Hiyama, 2011). The canopies of northern forests
are often sparse, and thus, the contribution of understory to stand reﬂec-
tance can be larger than the contribution from the tree canopy layer.
Typically, boreal understory layers have strong seasonal dynamics
during their short snow-free growing period (Miller et al., 1997;
Nikopensius, Pisek, & Raabe, in press; Rautiainen et al., 2011). Further-
more, as the seasonal reﬂectance course of a forest is a result of the tem-
poral reﬂectance cycles of both tree canopy and understory layers (e.g.,
Ahl et al., 2006; Rautiainen, Nilson, & Lükk, 2009), the relative contribu-
tions of the two layers to forest reﬂectance also change as the growing
season proceeds (Rautiainen & Heiskanen, 2013). Thus, an understand-
ing of the seasonal course of understory vegetation is crucial in the de-
velopment of global biophysical vegetation products (e.g., Garrigues,
Lacaze, Baret, Morisette, & Weiss, 2008; Pisek & Chen, 2009).. This is an open access article underCanisius and Chen (2007), Pisek et al. (2010) and Yang, Kobayashi,
Suzuki, and Nasahara (2014) have developed and tested algorithms for
extracting spectral properties of understory directly from multiangular
satellite data without the need for ﬁeld work. The methods have
been applied for data from North American boreal forests. However,
the lack of ﬁeld measurements on the seasonality of understory
spectra in different biomes has restricted the validation and inter-
comparison of the retrieved estimates. In addition, as European
boreal forests are usually more fragmented and are managed in
smaller compartments than North American forests, differences in
the performance of the retrieval methods can be expected also with-
in the boreal zone. While semi-empirical retrieval methods (Yang
et al., 2014) require less a priori information, physically-based
methods (Pisek et al., 2010) potentially have the advantage of
being more robust.
In this paper, we report results from retrieving the seasonal
courses of understory Normalized Difference Vegetation Index
(NDVI) from MODIS bidirectional reﬂectance distribution function
(BRDF) data using the semi-empirical approach developed by Yang
et al. (2014) and the physically-based approach proposed by Pisek
et al. (2010). We compare the satellite-based understory NDVI series
to seasonal courses of understory NDVI measured in the forests for
three full growing seasons in boreal and hemiboreal sites in North-
ern Europe.the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2.1. Study areas
This study is based on ﬁeld and satellite data from study areas locat-
ed approximately 500 km apart in neighboring vegetation zones:
Hyytiälä site (61°51′N, 24°17′E, Finland) in the boreal zone and Järvselja
site (58°18'N, 27°16'E, Estonia) in the hemiboreal zone. Hyytiälä has a
slightly lower mean annual temperature, a slightly higher mean annual
precipitation and a shorter thermal growing season (i.e., time period
with daily air temperature above 5 °C; Fig. 1) than Järvselja. Growing-
degree days are expressed as sums of daily mean air temperatures
from the nearest meteorological station exceeding a predetermined
level (5 °C) in this study. While the dominating tree species in forests
are the same (i.e., Scots pine, Norway spruce, and Silver birch) in both
areas, the understory vegetation in general is more abundant and
hostsmore species in hemiboreal Järvselja than in boreal Hyytiälä. By vi-
sual judgment, the understory layer in the hemiboreal forest is also spa-
tially more heterogeneous.
2.2. In situ measurements
Three intensive sites were established in both Hyytiälä and Järvselja
study areas representing infertile, semi-fertile, and fertile forest under-
story types (Fig. 2). The infertile understory sites were dominated by
dwarf shrubs in Järvselja and by lichens in Hyytiälä, the semi-fertile
sites by abundant dwarf shrubs andmosses, and the fertile sites by her-
baceous species and graminoids. The coverages and species, however,
were different in the two study areas (Fig. 3). Additional stand charac-
teristics can be found in Rautiainen et al. (2011) and Nikopensius et al.
(in press).
Field measurements in Hyytiälä were carried out during one snow-
free growing season (May–October 2010) while in Järvselja the mea-
surements were repeated during two consecutive snow-free growing
seasons (May–September 2013 and April–September 2014). However,
the seasonal development of the understory in Järvselja's fertile stand
was disturbed by human interference in 2013. The data from 2014
offer a better representation of the usual seasonal development of un-
derstory coverage in this site. The sampling strategy was the same in
all the sites and is described in detail by Rautiainen et al. (2011) and
Nikopensius et al. (in press). In short, the spectra of the understory
were measured for transects dissecting the study sites. The measure-
ments were made in diffuse light conditions with a FieldSpec Hand-Fig. 1. Seasonal courses of daily temperature sums (growing-degree-days) for Hyytiälä
(2010) and Järvselja (2013, 2014). Growing-degree days are expressed as sums of
daily mean air temperatures from the nearest meteorological station exceeding a
predetermined level (5 °C).Held UV/VNIR (325–1075 nm) Spectroradiometer manufactured by
Analytical Spectral Devices (ASD) without fore-optics. The data were
ﬁrst processed to correspond to hemispherical-directional reﬂectance
factors (HDRF) and further processed to NDVI values using spectral re-
sponse functions ofMODIS bands. In addition to spectralmeasurements,
changes in the composition of the understory of the study sites were
monitored by recording the fractional cover of each plant functional
type (PFT) group throughout the growing season. To follow the seasonal
changes in the fractional cover of the PFTs, four permanent plots
(1m × 1m)were established next to the transects in each site. A tradi-
tional grid quadrat was used to estimate the vertically projected frac-
tional cover of each PFT at the time of the spectral measurements. The
coverages from the four small plots were averaged to provide a mean
coverage for each site. In addition, to provide information on the tree
canopy layer, the effective plant area index (ePAI) of the tree layer for
the study sites was measured at approximately the same time intervals
using the LAI-2000 Plant Canopy Analyzer (Li-Cor Inc.).
2.3. MODIS data
The MODIS BRDF/Albedo Product (MCD43A1, version 5) (Lucht,
Schaaf, & Strahler, 2000; Schaaf et al., 2002) is a MODIS standard
product that provides the weighting parameters associated with the
RossThick-LiSparse BRDFmodel that describes the reﬂectance anisotro-
py at 500 m resolution. The BRDF parameters are produced every eight
days with 16 days of acquisition using both Terra and Aqua data (Schaaf
et al., 2002). We tested the forest understory signal retrieval using
the BRDF model parameters (isotropic, volumetric, and geometric
kernel weights (Roujean, Leroy, & Deschamps, 1992) for MODIS band
1 (red, 620–670 nm) and band 2 (NIR, 841–876 nm). MODIS data
employed in this study were acquired for all dates and tiles covering
Hyytiälä in 2010 and Järvselja in 2013-2014. First, a 40-day moving
window was run on all three BRDF model parameters with the largest
and the smallest value dropped before averaging. This was done in
order to limit previously noted noise in the seasonal trajectories of the
linear BRDF parameters (Quaife & Lewis, 2010; Vermote et al., 2009).
Next, for each date, we reconstructed the bidirectional reﬂectance
factor (BRF) values for required geometries (see Section 2.4). All the
MCD43A1 data were downloaded from the Data Pool of Land Processes
Distributed Active Archive Center (LPDAAC). The associateddata quality
(MCD43A2) product was also downloaded from the same source and
was used to analyze the effect of retrieval quality on the accuracy of cal-
culating understory reﬂectance factors. The International Geosphere–
Biosphere Programme (IGBP) and LAI/fPAR land-cover biome classiﬁca-
tions from the MODIS MCD12Q1 product were also downloaded from
the same source and were used as the algorithm input.
2.4. Retrieval methods
2.4.1. Semi-empirical approach
Yang et al. (2014) proposed a new semi-empirical method to re-
trieve understory NDVI (uNDVIsemi-emp) for boreal forests from the
MODIS BRDF data. In this method, a linear extrapolation approach is ap-
plied based on pixels within a given sample window with the central
position as the target pixel. The method is based on the assumption
that the bidirectional variation in uNDVIsemi-emp is smaller than that in
canopy-level NDVI. The method was implemented in four steps:
1. Bidirectional reﬂectance factors (BRF) at red and NIR bands were re-
constructed from the BRDF data corresponding to the combinations
of solar zenith angle (SZA) = 45°; view zenith angle (VZA) = 0°,
10°, 20°, and 30°; and relative azimuth angle to the solar azimuth
(PHI)=40°, 140°. AnNDVI valuewas calculated for each combination.
2. For the given window size (5 × 5 or 3 × 3 pixels) with the target pixel
at the central position, only the pixels classiﬁed as the same vegetation
type as the target pixel were selected for the linear regression. Using
A B C
D E F
Fig. 2. The study sites representing different forest understory fertility types: fertile (A-Hyytiälä, D-Järvselja), semi-fertile (B-Hyytiälä, E- Järvselja), and infertile (C-Hyytiälä, F-Järvselja).
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sion equations were obtained as follows:
NDVIi ¼ ai NDVI0 þ bi; ð1Þ
where NDVI0 denotes the NDVI values for a nadir-view position
(SZA=45°, VZA= 0°, and PHI= 40°), NDVIi (i=1, 2,… , 7) denotes
the NDVI values for other seven solar-view angles, and ai and bi are the
ﬁtted regression coefﬁcients.
3. The standard deviation (SD) was calculated among the seven regres-
sion equations (shown as Eq. (1)) with NDVI0 varying from 0 to 1
with a step of 0.01. NDVI0 value that corresponded to the lowest SD
was identiﬁed.
4. Final understory uNDVIsemi-emp value was calculated as the average of
the regression NDVI values with the lowest bidirectional variability
from step 3. For more details see Yang et al. (2014).Fig. 3. Themean seasonal changes in the fractional cover of upper understory layers at the six stu
ﬁgure is an average of four 1-m × 1-m plots located at each of the study sites. Growing-degree
orological station exceeding a predetermined level (5 °C).2.4.2. Physically-based approach
The total BRF of a pixel (R) can be alternatively expressed as a linear
combination of the contributions from the sunlit and viewed, and shad-
ed and viewed components (Bacour & Bréon, 2005; Chen, Li, Nilson, &
Strahler, 2000; Chopping et al., 2008; Li & Strahler, 1985):
R ¼ RT  kT þ RG  RG þ RZT  kZT þ RZG  kZG ð2Þ
where RT, RG, RZT, and RZG are the reﬂectance factors of the sunlit crowns,
sunlit understory, shaded crowns, and shaded understory, respectively.
RG can be considered the BRF of the target (understory). The kj are the
proportions of these components at the chosen view angle or in the in-
stantaneous ﬁeld-of-view (IFOV) of the sensor at given irradiation ge-
ometry. Based on the assumption that the reﬂectance factors of the
overstory and the understory at the given illumination geometry differ
little between chosen view angles, one can derive the understory reﬂec-
tance factor (RG). Pisek, Lang, and Kuusk (2015) recently identiﬁed thedy sites inHyytiälä (H) and Järvselja (J) fromMay to September. The data presented in the
days (GDD) are expressed as sums of daily mean air temperatures from the nearest mete-
45J. Pisek et al. / Remote Sensing of Environment 163 (2015) 42–47most suitable viewing conﬁguration for the retrieval of inherent under-
story reﬂectivity using a new high angular resolution BRF data set of
Kuusk, Kuusk, and Lang (2014) with accompanying in situ measure-
ments of understory reﬂectance factors (Kuusk, Lang, & Kuusk, 2013).
Following Pisek et al. (2015), the BRF at nadir (Rn = 0°) and anotherA B
D E
G H
J K
Fig. 4. Seasonal proﬁles of effective plant area index of overstory (A–C), understory NDVI usin
window size) lines) and physically-based approach (thick blue solid line) and their compariso
in 2013 (G–I) and 2014 (J–l). Gray bars indicate MODIS BRDF parameters with lower quality.zenith angle (Ra = 40°) with SZA corresponding to the Sun's position
at 10:00 local time for given day and PHI = 130° can be expressed by
the Eqs. (3) and (4):
Rn ¼ RT  kTn þ RG  kGn þ RZT  kZTn þ RZG  kZGn ð3ÞC
F
I
L
g semi-empirical (thick purple dashed (5 × 5 pixel window size) and dotted (3 × 3 pixel
n with upscaled in situ measurements (thin lines) at Hyytiälä in 2010 (D–F) and Järvselja
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The reﬂectance factors of shaded tree crowns (RZT) and understory
(RZG) can be expressed dynamically as functions of their sunlit fractions
and the multiple scattering factor M (White, Miller, & Chen, 2001;
White, Deguise, Schwartz, Hitchcock, & Staenz, 2002), giving RZT =
M · RT and RZG = M · RG, where M = Rz/R for a reference target. M is
predetermined by the 4-Scale geometric-optical model inversion
(Chen & Leblanc, 1997). The proportions of the components (kj) for
each stand were retrieved with the 4-Scale model (Chen & Leblanc,
1997) using parameters for generalized deciduous and coniferous tree
stands (see Table 1 in Pisek, Rautiainen, Heiskanen, and Mõttus
(2012)). Combining and solving Eqs. (3) and (4), and inserting the
MODIS-derived Rn and Ra, the understory reﬂectance RG for red and
NIR band can be calculated. The resulting understory NDVI value from
this approach is marked as uNDVIphys.
3. Results and discussion
There were marked differences in understory coverages between
stands with the same overstory species and fertility types (Figs. 2 and
3). The site fertilitywaswell reﬂected in the seasonal variation of under-
story NDVI measurements (Fig. 4D–L). The fertile sites both in Hyytiälä
and Järvselja experienced a rapid understory NDVI increase at the be-
ginning of the season, followed by a clear understory NDVI decrease in
the fall. The less fertile sites showed progressively smaller variations
with a more gradual increase in understory NDVI and not very pro-
nounced signs of senescence (Fig. 4E–F). Rautiainen et al. (2011) previ-
ously noted the understory and tree canopy layer vegetation develop at
a similar pace in the spring in boreal Hyytiälä. Our results illustrate that
in case of the fertile sites in more southern hemiboreal forests of
Järvselja, there is a clear early understory development prior to canopy
development due to the presence of spring ephemerals (Figs. 3 and 4A).
However, themismatch in the seasonal development of understory and
tree canopy layers might not be always detectable while using NDVI
from satellite images as the indicator (Fig. 4A, J).
The physically-based approach for retrieving understory NDVI from
MODIS BRDF data performed relatively well in both Hyytiälä and
Järvselja except in the very beginnings of the growing season (Fig. 4D–
L). The semi-empiricalmethod, on the other hand, performeddifferently
in the two study areas. In Hyytiälä, the uNDVIsemi-emp values were close
to in situ measurements only in case of the infertile stand (Fig. 4C)
which is in the middle of a relatively large homogeneous area in south-
ern Hyytiälä. As expected, due to the fragmented forest landscape in
Hyytiälä, the uNDVIsemi-emp retrievals slightly improved by decreasing
thewindow size (from 5 × 5 to 3 × 3 pixels) in all three Hyytiälä stands.
Järvselja forest is less fragmented compared to Hyytiälä, and the agree-
ment of the uNDVIsemi-emp values with in situ measurements markedly
improved (Fig. 4G–L). The differences between uNDVIsemi-emp retrievals
using different window sizes were also much smaller than in case of
Hyytiälä (Fig. 4A–C). Neither method detected the markedly different
in situ NDVI values in the Järvselja semi-fertile stand in 2014 (Fig. 4K),
since the area affected by Anthracnose leaf spot (Gloeosporium minus)
disease causing the blueberries to shed leaves around GDD 400 was
rather limited.
The uNDVIphys retrievals tended to be less accurate at the beginning
and towards the end of growing seasons. The discrepancies could not be
solely explained by applying MODIS BRDF parameters with lower qual-
ity ﬂags (Schaaf,Wang, & Strahler, 2011). It must be noted that the orig-
inal most suitable viewing combination for the retrieval of understory
signal was identiﬁed for mid-summer conditions in Järvselja with
SZA = 45° (Pisek et al., 2015). However, the SZA varied according to
its natural seasonal course in our application (see Section 2.4.2). The
SZA value might be then quite different depending on the latitude and
time of year. In general, it could be observed that the differences be-
tween in situ and uNDVIphys retrievals were increasing with ΔSZAfrom 45°. The forest structure (characterized by leaf area index and can-
opy cover) also might rapidly change at the beginning and the end of
the growing season (Fig. 4A). This might temporarily violate the as-
sumptions about target reﬂectance anisotropy in the two viewing an-
gles, resulting in less reliable uNDVIphys retrievals.
The assumptions beyond applying the semi-empirical approach of
Yang et al. (2014), such as identical understory composition and optical
and structural overstory parameters, cannot be easilymet in fragmented
landscapes as in Hyytiälä. Compared to the seasonal course obtained by
the physical method, the estimated uNDVIsemi-emp seasonal proﬁles also
suffered from sudden swings in retrieved values (e.g., Fig. 4J). This fea-
ture could be tracked to a very high sensitivity of the estimated regres-
sions in the semi-empirical method to input NDVI values over the
individual pixels. We noticed that discarding a given pixel outlier
could greatly alter the resulting uNDVIsemi-emp value (not shown). The
effect of outliers might be limited by increasing the window size. How-
ever, such step would even further undermine the underlying assump-
tion about the homogeneity of the understory layer in the area under
consideration.4. Conclusions
We reported on the different seasonal courses of understory cover-
age and NDVI for three full growing seasons measured in boreal and
hemiboreal sites in Northern Europe. Importantly, our results indicated
both semi-empirical and physically-based approaches using MODIS
BRDF data have a potential to track seasonal changes in understory
NDVI. We also demonstrated notable differences in the performance
of the two retrieval methods that can be expected within the boreal
zone depending on the level of forest fragmentation.Acknowledgments
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